The current-voltage characteristics of layered organic crystals -BEDT-TTF 2 MZnSCN 4 (M Cs; Rb) follow the power law with a large exponent (e.g., 8.4 at 0.29 K for M Cs) over a wide range of currents in the low-temperature insulating state. The power-law characteristics are attributed to electric field-induced unbinding of electron-hole pairs that are thermally excited in the background of the twodimensional charge order. The magnitude of crossover electric fields from Ohmic to the power-law characteristics indicates that the electron-electron Coulomb interaction is significantly long-ranged: The screening length is greater than 10 molecule sites. DOI: 10.1103/PhysRevLett.96.136602 PACS numbers: 72.20.Ht, 71.27.+a, 72.80.Le A central issue in solid state physics is the electronelectron Coulomb interaction, which plays an important role particularly in low-dimensional systems. Some organic crystals ET 2 X, where ET denotes BEDT-TTF (bisethylenedithio-tetrathiafulvalene) and X ÿ is a counteranion, have two-dimensional (2D) conducting layers consisting of stacked ET molecules, with 0.5 holes per ET molecule provided from anion layers that are situated between the ET layers. The ET 2 X family has various low-temperature phases including superconducting, metallic, and insulating phases; the origins of these phases have been of great interest [1] . The insulating phase, contrary to the metallic one predicted by band calculations, is believed to be caused by the Coulomb interaction: the salt -ET 2 CuNCN 2 Cl has been interpreted as the Mott insulator due to on-site Coulomb repulsion [2, 3] . Note that the ET molecules dimerize in the salt, leading to an effective half-filled band that is a base of the Mott insulator. Insulating behavior in salts such as -ET 2 CsZnSCN 4 [4], for which no dimerization and, therefore, a 3=4-filled band are expected, has been attributed to the charge order predicted by the extended Hubbard model including on-site and nearest-neighbor Coulomb repulsions [5, 6] . Thus, the insulating phase has been explained by short-range interactions.
A central issue in solid state physics is the electronelectron Coulomb interaction, which plays an important role particularly in low-dimensional systems. Some organic crystals ET 2 X, where ET denotes BEDT-TTF (bisethylenedithio-tetrathiafulvalene) and X ÿ is a counteranion, have two-dimensional (2D) conducting layers consisting of stacked ET molecules, with 0.5 holes per ET molecule provided from anion layers that are situated between the ET layers. The ET 2 X family has various low-temperature phases including superconducting, metallic, and insulating phases; the origins of these phases have been of great interest [1] . The insulating phase, contrary to the metallic one predicted by band calculations, is believed to be caused by the Coulomb interaction: the salt -ET 2 CuNCN 2 Cl has been interpreted as the Mott insulator due to on-site Coulomb repulsion [2, 3] . Note that the ET molecules dimerize in the salt, leading to an effective half-filled band that is a base of the Mott insulator. Insulating behavior in salts such as -ET 2 CsZnSCN 4 [4] , for which no dimerization and, therefore, a 3=4-filled band are expected, has been attributed to the charge order predicted by the extended Hubbard model including on-site and nearest-neighbor Coulomb repulsions [5, 6] . Thus, the insulating phase has been explained by short-range interactions.
In this Letter, we present strong evidence that the Coulomb interaction in -ET 2 MZnSCN 4 (M Cs; Rb) is much longer-ranged; namely, the screening length is greater than 10 molecule sites. This is obtained from analysis of the current-voltage (I-V) characteristics that we have measured in a low current range of 10 ÿ13 -10 ÿ6 A, where self-heating effects can be avoided. Our findings suggest that the long-range interaction is essential for a full understanding of charge-ordered phases in ET compounds.
Single crystals of CsZn and RbZn salts were synthesized using the standard electrochemical method. The typical dimensions of the CsZn crystals were 100 m 20 m 1 mm, and those of the RbZn crystals were 500 m 300 m 1 mm along the a, b, and c axes. Note that the a-c plane is parallel to the 2D conducting layers, and the b axis is perpendicular to them. Several annealed gold wires of 10 m were attached with silver paste to a crystal surface parallel to the a-c plane or both sides of a crystal. The crystals were cooled using a 3 He refrigerator; the crystals were surrounded by liquid 3 He at temperatures below approximately 1.5 K and by 3 He gas above this temperature. We measured the I-V characteristics with a two point configuration using a current preamplifier. For high-bias voltages where the power dissipation was higher than 0:1 W, we used a pulsed voltage technique to avoid self-heating effects. The pulse width ranged from 50 to 250 s, and the time interval between successive pulses was 500 ms.
The temperature dependences of the in-plane (c-axis) low-bias conductance of a CsZn salt and a RbZn salt are shown in Fig. 1 . The conductances were measured with bias voltages of 1 mV (CsZn) and 10 mV (RbZn) applied alternately; the voltages are small enough to be in the regime where the I-V curves are nearly linear. The lowbias conductance of CsZn salts shows thermal activation behavior I=V expÿ 0 =2k B T=R 0 , at T 10 K with the activation energy 0 =k B 23:9 0:4 K. The conductance of RbZn salts rapidly decreases at T 190 K when cooled slowly (0:06 K= min), but the rapid drop disappears when cooled at the rate of >10 K= min. X-ray measurements show a 2c superlattice structure below 190 K for the slow cooling, indicating a stripe charge ordering along the c axis [4, 7] . At sufficiently low temperatures, the conductances under both cooling conditions show thermal activation behavior with 0 =k B 410 60 K (rapid cooling) and 1010 30 K (slow cooling). Note that the saturation of the conductance at low temperatures is due to the noise floor ( 1 10 ÿ13 A) of the current measurement. The in-plane (c-axis) I-V characteristics of a CsZn salt at different temperatures are shown in Fig. 2(a) . The dots in high-bias regions represent data measured with the pulsed voltage method. For the lowest temperature, higher voltages or longer pulse widths (>250 s) cause an increase in current in the last part of the pulse duration, indicating a self-heating of the crystal. All the data in Fig. 2 (a) were measured in a condition in which such a self-heating effect was not observed. The I-V characteristics at T 0:29 K follow the power law I / V over a wide range of currents.
The power law (for the c axis) was observed for six crystals and for several different pairs of electrodes, giving the exponent 8:4 0:2 at T 0:29 K. As the temperature increases, the power law is smeared, and the I-V curves at low-bias voltages become nearly linear. Measurements using different electrodes on a thin crystal showed that the voltage needed for a current was proportional to the spacing between the electrodes, which indicates that the power law comes from the nature of the crystal, not that of the interface between the crystal and the electrodes. The I-V characteristics of the RbZn salt for the rapid and the slow cooling are shown in Figs. 2(b) and 2(c). The temperature dependences of the I-V curve are qualitatively similar to that of the CsZn salt; both the electric field and the temperature at which the high nonlinearity sets in increase in the order of CsZn, RbZn (rapid cooling), and RbZn (slow cooling). Similar measurements along the a and b axes were also made on CsZn salts. The observed properties along the a axis, another in-plane direction, are approximately the same as those along the c axis: the thermal activation energy is 0 =k B 23:2 0:3 K, and the power-law exponent of the I-V characteristics at 0.29 K is 7:9 0:5. The low-bias conductance along the b axis (interplane direction) decreases slower than the Arrhenius law for temperatures down to 2 K, below which it cannot be measured 
ÿ5 times that along the c axis, which indicates the highly 2D nature of the electric transport. The I-V curve along the b axis also shows nonlinearity under electric fields more than 1 order of magnitude larger than those for the c axis; the I-V curve at 0.29 K has a smaller slope (e.g., 6 .0 at E 4 10 5 V=m and 4.6 at E 10 6 V=m) and a negative curvature on the log-log plot. Note that we observed no jump in the b-axis I-V characteristics as observed at T 4:2 K by Inagaki et al. [8] , probably because we measured a lower current regime than they did.
We now propose a microscopic mechanism of the electrical transport that gives the power-law I-V characteristics. In a 3=4-filled square-lattice system with electronelectron Coulomb interaction extended to nearest neighbors or to a greater distance, a charge-ordered state appears as a ground state. An excitation can be created by moving a hole away from a site i to a site j where no hole was present originally (Fig. 3) . This excitation is regarded as a pair of an ''electron'' (at i) and a ''hole'' (at j). The electron and hole excitations polarize the surrounding ET molecules and attract each other through the polarization. The attractive potential r ij is logarithmic in r ij if the polarization spreads over an ET-molecule layer; namely, the electric fields created by a charge are confined in a 2D plane. This situation occurs if the polarizability of the ET molecules is much larger than that of the anions. An analogous system is a semiconductor superlattice consisting of layers with two different dielectric constants. Let us consider the system consisting of alternating layers, one with thickness d and dielectric constant and the other with d s and s . In the case that d s =d ( = s ), the Coulomb potential of a charge e in the layer with dielectric constant , corresponding to an ET layer, is given by
for d r dd s p , where r is the distance in the layer from the charge and C is the Euler constant [9] . Thus, the potential is logarithmic if r is less than a screening length dd s p . For r dd s p , the potential decreases rapidly as 1=r.
At finite temperatures, pairs of an electron and a hole attracting each other due to the logarithmic interaction are thermally excited. The potential barrier E for an electron-hole pair to be unbound under an electrical field E is given by E maxU 0 lnr=a ÿ eEr U 0 lnU 0 =eEa for E U 0 =ea; (2) where a is the minimum length scale and U U 0 lnr=a is the potential energy measured from r a. In the following calculation, we take a 0:5 nm, the approximate distance between neighboring ET molecules. Overcoming the barrier with thermal activation, the electron-hole pair become unbound and contribute to the current (Fig. 3) :
where J is the current density. Substituting (2) into (3) gives the power-law I-V characteristics [10] :
Figures 2(d)-2(f) show I-V characteristics calculated using Eq. (3) [11] . We obtained the series of I-V curves in each figure by assuming that the Coulomb potential is logarithmic, U U 0 lnr=a for a r , and that it is constant, U U 0 ln=a for r > , and by setting U 0 and as fitting parameters. The cutoff of the logarithmic potential at the screening length gives a finite activation energy for zero electric field, i.e., E 0 U 0 ln=a. This activation energy should correspond to 0 , obtained from the low-bias conductance data shown in Fig. 1 . The cutoff also makes the activation energy E less sensitive to a small electric field and leads to the Ohmic tail in the low-bias part of the I-V curve; the crossover electric field from Ohmic to power-law characteristics is given by U 0 =e. Thus, (and U 0 ) can be determined from the activation energy 0 and the crossover electric field. The best fits of the calculated I-V curves to observed ones give 23 7 nm (CsZn), 6 2 nm (RbZn; rapid cooling), and 8 1 nm (RbZn; slow cooling). Note that doubling or halving the value of a does not have a significant influence on the evaluation of . The screening length can also be estimated from the anisotropy A of the dielectric constant between the in-plane and the interplane directions because dd s p in the superlattice model and
, an observed anisotropy of 3-9 at 150-300 K for RbZn salts [12] gives 3-6 nm, somewhat smaller than but of the same order as the estimated from the I-V curves.
The best fits also give U 0 =k B 6:6 0:6 K (CsZn), 155 15 K (RbZn; rapid cooling), and 363 8 K (RbZn; slow cooling). The observed 0 , and consequently the values of U 0 , are much smaller than the on-site and nearest-neighbor Coulomb repulsions, 4 and 2 -3 eV, estimated from quantum chemistry calculations [13] , although the calculations may overestimate them because they do 136602-3 not include the screening effect due to the polarization [6] . The observed small excitation energies are attributed to the effect of transfer integrals; the excitation energy should decrease with increasing transfer integrals and approach zero towards the insulator-metal transition point. According to a calculation based on crystallographic data [4] , the transfer integrals t of -ET 2 Cu 2 CNNCN 2 2 , RbZn, CsZn, and -ET 2 I 3 salts are 79, 94, 108, and 117 meV, respectively. The low-temperature value of 0 of the first salt is 0:3 eV [14] , which is the closest to the calculated Coulomb energy. The value of 0 decreases rapidly with increasing t, and the last salt is metallic. The cooling-rate dependence of 0 in RbZn salts may also be attributed to a small difference in t, which is possibly related to how the anions are ordered near 190 K. Note that the observed crossover electric field is difficult to explain using the short-range Coulomb interaction. In the extended Hubbard model with nearest-neighbor interactions, for example, the excitation energy for a pair of an electron and a hole does not depend on their separation if they are more than two molecule sites apart, meaning that the potential rises sharply within two sites. As a result, the potential barrier decreases slower with increasing E than in the case of the logarithmic potential. Decreasing the barrier height of the short-range potential significantly from 0 and, thereby, causing the I-V characteristics to be highly nonlinear requires electric fields 1 order of magnitude stronger than the observed crossover electric fields.
Our picture of the charge transport captures most of the characteristic features of the observed I-V curves as shown in Fig. 2 , but there is a discrepancy between experiment and calculation at low temperatures. For example, the observed I-V curves of the rapidly cooled RbZn salt are nearly independent of temperature at T 1:5 K. However, the calculated I-V curve moves monotonically towards the higher voltage with decreasing temperature. The observed temperature-independent I-V curves may be caused by quantum tunneling from the tilted logarithmic potential, which is not considered in the above calculation. Note that self-heating effects are ruled out as the cause of the temperature-independent I-V curves because I-V curves of CsZn salts at a similar power level vary with temperature even at T 1:5 K.
Finally, we describe the effect of the magnetic field on the I-V curves. Figure 4 shows the I-V curves of the CsZn salt measured in different magnetic fields applied along the b axis at temperatures T 0:28 and 1.01 K. The magnetic field shifts the I-V curve along the current axis in the loglog plot; the direction of the shift is determined by the fact that d logI=d logV at T 1:01 K for different magnetic fields fall on the same curve when plotted against V but not when plotted against I. The shift along the current axis indicates that only 0 among the parameters in Eq. (3) varies with the magnetic field. The variation in 0 means that the mobility or the number of conduction paths of the unbound free charges decreases with increasing magnetic field. The magnetic field effect shows only a small dependence on the field orientation, indicating that the Zeeman effect is dominant over the orbital effect. Further details on the magnetic field effect will be discussed elsewhere.
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